In operating nuclear reactors, the steel pressUl e vessel is exposed to neutron irradiation. The high energy part (> 1 MeV) of this irradiation, over a long period, makes the steel brittle and susceptible to rupture.
INTRODUCTION
In operating nuclear reactors, the steel pressUl e vessel is exposed to neutron irradiation. The high energy part (> 1 MeV) of this irradiation, over a long period, makes the steel brittle and susceptible to rupture.
To monitor the embrittlement, encapsulated steel specimens are affixed in the region between the pressure vessel wall and the thermal shield surrounding the core region of the reactor. During reactor maintenance periods, some of these specimens are removed and subjected to destructive "Charpy" tests to determine their embrittlementp, 2] A nondestructive test would be better if available. Thus, in this work, the feasibility of using magnetic NDE methods for monitoring embrittlement was investigated.
BACKGROUND ON DESTRUCTIVE CHARPY TESTING [1] [2] [3] Fig. 1 shows an unbroken Charpy specimen machined to specifications. When such a specimen is removed from a reactor, it is tested by putting it on an anvil in a Charpy rig. A weight mg swings from a height ho and hits the specimen at the lowest point of the swing. The specimen fractures at the V-notch in the specimen. The fracture toughness Er, or the energy used up in breaking the specimen, is given by where hr is the height to which the pendulum rises after it hits the sample. The fracture toughness always is decreased after neutron irradiation. (1) Two types of fracture can occur: (1) ductile fracture (involving necking and then tearing) and (2) brittle fracture (involving crystallographic cleavage). If the specimen is at a lower temperature, the fracture is brittle fracture; at higher temperatures, the fracture is ductile fracture. It takes more energy for ductile fracture. The energy required for 100% ductile fracture is called the upper shelf energy; whereas, the energy for 100% brittle fracture is the lower shelf energy.
Charpy measurements of fracture toughness are done at different temperatures. A plot of fracture toughness energy vs. temperature produces a curve like a sloping step between upper and lower shelf energies. (See Fig. 2 ) The step is spread over a range of temperatures. Under neutron fluence, the upper shelf energy (USE) decreases and the nil ductility transition (NDT) temperature TNDT moves to a higher value, where TNDT marks the temperature for 50% ductile/50% brittle fracture. Embrittlement is measured by the changes ~(USE) and ~TNDT.
EXPERIMENTS AND SPECIMENS
In this work, magnetic NDE measurements are reported on neutron-embrittled Charpy samples which had been previously broken. The techniques [4] [5] 
The above parameters are defined by pictorial illustration in Fig. 4 .
Specimens for three different levels of neutron fluence were examined from each of two reactors. In one reactor, SA-302B plate steel was used; in the other, SA-S33B plate steel was used. A set of five broken Charpy specimens were tested for each level of neutron fluence. In all, 30 specimens were tested.
The Charpy specimens selected for testing were all plate specimens and did not contain regions of weld material [2] or heat-affected zone (HAZ) materialJ2] Thus the specimens were metallurgically identical to the material in the reactor vessel plates.
Since the specimens were already broken, ATNDT and A(USE) were already available and are plotted against computed neutron fluence in Figs. 3a and 3b. Limits of error estimated are: (1) ATNDT (± SoC), (2) A(USE) (±5 ft.lb.) and (3) fluence (±S%). In Figs. 3a and 3b, points denoted by 3 refer to SA-302B specimens and points denoted by A refer to SA-S33B specimens. Also, ATNDT clearly exhibits a better linear relationship with fluence than does A(USE).
EXPERIMENTAL SETUP AND PROCEDURE
A magnetizing coil and magnetic circuit was used to magnetize the specimens. Fig.  4 shows a block diagram of the setup. A Hall effect sensor on the surface of the specimen was used to measure magnetic field H. Magnetic induction, nonlinear harmonic amplitudes and Barkhausen noise were measured with a sensing coil encircling the specimen. The sensing coil was wound on a plastic form which slipped over the specimen. A plastic fixture was used to precisely position both sensing coil and specimen in the magnetic circuit. This plastic fixture is not shown in Fig. S , which is a photograph of the experimental setup.
Hysteresis loops and harmonic amplitudes were measured using a sinusoidal 1Hz magnetizing waveform at four different levels of Hmax (corresponding to approximately 8, IS, 23 and 41 Oe). A digitized hysteresis loop was stored for the purpose of the extracting magnetic parameters. Barkhausen noise amplitudes were measured with a triangular O.S Hz waveform. Table I below shows error estimates for the measurements based on S-repeat measurements on an unirradiated specimen (SA-S33B). In each repeat measurement, the sample was taken out of the fixture and repositioned. Measurement error equals 100% times standard deviation divided by the mean. Fluenee (10" niemI, Fluanee (t a" n/em!, +1-11.4
The measurement errors in Table I are sufficiently small compared to embrittlement changes in magnetic properties, except for the permeability dB/dH at He which has too large a measurement error to be satisfactory.
EXPERIMENTAL RESULTS
Magnetic parameters determined for each specimen were plotted against fluence, ATNDT, and A(USE) for the SA302B specimens and for the SA533B specimens separately. The result was six scatter plots for each magnetic property per each of four field levels.
Figs. 6a and 6b show examples of scatter plots at the second field level for the third harmonic amplitude vs. ATNDT in the case of SA302B and SA533B specimens respectively. The third harmonic amplitudes taken from SA302B specimens exhibit an increase with ATNDT. The SA533B specimens display considerable scatter and essentially no slope to the relationship between third harmonic amplitude and AT NDT.
To quantify the amount of correlation exhibited in the data, a linear regression procedure was applied to each scatter plot, and the correlation coefficients R and R 2 were computed, with R defined as [6] where Xi = Xi -X and Yi = Y i -Y and where X and Yare the arithmetic means of the individual data coordinates {Xi} and {Yd respectively. R 2 should be a strong measure of correlation and in Table II , R 2 is tabularized for the two different types of steel and three different embrittlement parameters against the various magnetic parameters at the different field levels.
SUMMARY OF OBSERVATIONS
(1) For SA533B specimens from one reactor, magnetic properties did not correlate well with fluence or the other embrittlement parameters.
(2) For SA302B specimens from the other reactor, a moderate correlation (R2 -0.6-0.7) was found for nonlinear harmonic amplitudes and less than moderate correlation (R 2-0.4-0.5) for Barkhausen noise. 
DISCUSSION
(1) SA533B specimens exhibit poor correlation between magnetic properties and embrittlement parameters because scatter in the data for nominally the same specimens is quite large compared to any trends in the data. The scatter in the SA533B specimens appears to be consistent with results reported in this same QNDE proceedings by M. K. Devine et al. [7] It is not clear at this time why for SA533B specimens, there is so much scatter in the data.
(2) Because Barkhausen noise is monitored at high frequencies (> 1kHz), it is sensitive to surface condition, more so than nonlinear harmonics which can be done at low frequency (in this case, 3 Hz for the third harmonic). Since Charpy samples are sanded and buffed as part of the preparation process, the Barkhausen noise might reflect some of this surface preparation. Thus nonlinear harmonics would seem to be the preferred approach.
(3) Since the embrittlement parameters characterizing the specimens were taken from statistical analysis of the data taken from many specimens, the analysis of the embrittlement parameters for a single specimen should be considered to be more uncertain than the error estimates given earlier, which are error estimates for statistically determined mean values. If the embrittlement of the individual sample were measurable itself, then it is believed that better correlation may be found between embrittlement and magnetic properties.
(4) The results seem consistent with that of O. Y. Kwon et al [8] who report, for SA302-B and SA533B steel, a success rate of 78.5% for the ability of Barkhausen waveform information to identify embrittlement, although those authors indicate a higher success rate for magnetoacoustic emission (MAE) techniques, which is not surprising since Barkhausen information is more sensitive to surface conditions. It should be cautioned however that O. Y K won et al did their investigation on a considerably smaller sample set.
(5) Our results should be considered preliminary. An even larger sample set needs to be studied to confirm correlation with high confidence. Unfractured exposed Charpy samples also need to be studied in order to be certain that magnetic properties did not get altered by the Charpy impact. 
